The realization of a two-dimensional (2D) gas of Dirac electrons with a density that can be tuned over several orders of magnitude has triggered numerous tantalizing discoveries of unconventional electronic behavior [1] [2] [3] , including a departure from normal Fermi liquid theory [4, 5] and the appearance of a fractional quantum Hall effect [6, 7] . Integrating the carrier tunability in a graphene device with a direct probe of energy-and momentum-resolved electronic excitations is essential to gain insights on how these correlated phases are influenced during device operation, but this has not been achieved so far. Here, we use micro-focused angle-resolved photoemission (microARPES) in order to analyze many-body interactions in back-gated graphene supported on hexagonal boron nitride (hBN). By extracting the doping-dependent quasiparticle dispersion and self-energy, we observe how these interactions renormalize the Dirac cone and impact the electron mobility of our device. Our results are not only limited to a finite energy range around the Fermi level, as in electron transport measurements, but describe interactions on a much wider energy scale, extending beyond the regime of hot carrier excitations.
Accessing doping-dependent many-body interactions in graphene is routinely achieved in a noninvasive manner through electrostatic doping using a back-gated device configuration in transport [1- 3, 8, 9] and scanning tunneling spectroscopy experiments [10] . It would be highly desirable to use angle-resolved photoemission (ARPES) as a complementary tool because it provides the full energy and momentum dependent spectral function of the occupied states, thereby unveiling how the Dirac cone renormalizes in the presence of quasiparticle scattering [11] [12] [13] . Extracting many-body effects in graphene for different carrier densities using ARPES is commonly achieved by depositing alkali metal atoms, which act as electron donors. This approach has been remarkably successful for measuring electron-hole and electron-plasmon excitations [11, 14] , but it has the major drawback of being irreversible and thus difficult to use for fine-tuning the carrier density. Adsorbed adatoms are also known to act as impurities, causing scattering, which results in an increase in measured linewidths that can be difficult to deconvolve from intrinsic interactions [15] [16] [17] . Alternatively, one may change the doping in graphene by replacing the supporting substrate [18, 19] , but this inadvertently changes the background dielectric screening of charge carriers. As a result it becomes difficult to unambiguously correlate many of the phenomena observed in ARPES with standard device measurements of graphene, when using these irreversible doping methods to change the carrier density. It is therefore of utmost importance to merge ARPES measurements with in situ electric-field doping in gated 2D material based devices.
The mesoscopic sizes and intrinsic inhomogeneities of such devices have posed the biggest challenges precluding conventional ARPES studies. These issues can be circumvented by using a microscopically focused beam of photons as demonstrated in recent microARPES experiments performed on 2D material based heterostructures and devices [20] [21] [22] [23] . We apply this approach here to investigate the Coulomb interaction in graphene on hBN (graphene/hBN) at a relatively small interlayer twist angle of 2.0 • . This stack has been integrated in a device architecture with a graphite back-gate, as shown in the optical micrographs in Fig. 1(a) and Supplementary Fig. S1 . Using an achromatic focusing capillary, which simultaneously provides a high photon flux and a sub 2-µm beam-spot [23] , we are able to collect high quality microARPES spectra that allow for a detailed analysis of manybody effects in graphene. Our experimental configuration, which is sketched in Fig. 1 
fully realizes in operando microARPES.
Our device is initially mapped by scanning the photon beam from the capillary over the same area as seen in the optical micrograph in Fig. 1(a) . The resulting (x, y)-dependent photoemission intensity is presented in Fig. 1(c) . A corresponding snapshot of the E(k)dispersion from the region marked by a circle in the map is shown in Fig. 1(d) . One immediately notices a sharp Dirac cone due to the graphene flake in this region, as well as the onset of an intense band at a binding energy of 2.5 eV. The latter is consistent with the dispersion around the hBN valence band maximum [24] . The map in Fig. 1 (c) has been composed from the k-and E-integrated intensity in the region enclosed by the dashed lines in Fig. 1(d) , making the graphene flake clearly distinguishable between source and drain electrodes due to the presence of the graphene Dirac cone. We provide further details on the contrasts in the map in Supplementary Fig. S2 and note here that it is straightforward to identify the different device components by comparing Figs. 1(a) and 1(c). In addition, an overview of the core level line shapes that characterize the chemical composition of the device is given in Supplementary Fig. S3 .
Faint Dirac cone satellites are discernible and are separated from the main Dirac cone by ∼0.1Å −1 , as shown via purple arrows in Fig. 1(d) . These may be explained as minibands of the superlattice emerging from the superposition of graphene and hBN lattices with an interlayer twist angle of 2.0 • . The corresponding Brillouin zone (BZ) and mini BZ constructions along with the k-space length scale of the minibands are given in Fig. 1 (e).
The BZ orientations of graphene and hBN derive from constant energy cuts of the valence bands (see Figs. 1(f)-(h)). We are not able to resolve any minigaps between the main and satellite cones at this twist angle [25] . It is possible that the photoemission intensity is dominated by extrinsic photoelectron diffraction effects involving the reciprocal lattice vectors of the superlattice [23] . Nevertheless, the presence of these features is a strong indicator for the long-range coherence of the twisted heterostructure. The radius k F that determines the size of the Fermi surface (see panels (c) and (e)) is found by extracting the k-separation between the peak positions of the two linear branches at E F for each gate voltage. The peak positions are obtained using double Lorentzian fits of momentum distribution curves (MDCs) as shown in panel (f). The V G -dependence of the crossings between v-and c-branches is monitored through energy distribution curve (EDC) cuts atK G as presented in panel (g). The crossing of the v-branches is detected via a peak (see blue tick labeled E v ) that is fully below E F in our spectra for V G ≥ 1.0 V. We find that the crossing of the c-branches (see red tick labeled E c ) is separated in binding energy from the v-crossing and that its corresponding peak is fully below 
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, that ARPES measures [11] . Here,
slope v * (k) [26] , and Σ is the imaginary part of the self-energy that is proportional to the quasiparticle scattering rate. It is related to the full-width at half maximum (∆k FW ) of the MDC fits as Σ = v * ∆k FW /2.
The many-body effects are investigated as a function of carrier density (n) using n = k 2 F /π [9] . Moreover, from the linear dependence between n and V G (see Fig. 3 (a)) [1] and the resistance (R) of the device measured in situ (see Fig. 3(b) ) we obtain the dopingdependent sheet conductivity σ 2D (n) (see Fig. 3(c) ). This leads to the room temperature mobility µ = (6400 ± 500) cm 2 /Vs, which appears reasonable when comparing with other graphene/hBN devices [27] . We address the scattering processes at E F that affect µ towards the end of this letter.
By combining the MDC fits at E F in Fig. 2(f) with a more detailed analysis over a binding energy range of 1 eV measured from the Fermi level, as shown in Supplementary Fig. S4 , we extract the doping-dependent many-body interactions in our device. This analysis shows that it is reasonable to assume a linear dependence of the v (c) band below (above) the Dirac crossing. We therefore linearly extrapolate the fitted dispersion as demonstrated in Fig. 2(b) to obtain a more precise estimate of the binding energy of the Dirac crossings than the E v and E c values picked out in Fig. 2(g) . The results are presented in Fig.   4(a) for the v-crossing (E Dv ) for all dopings and the c-crossing (E Dc ) for the four most strongly n-type doped dispersions where the branches are sufficiently separated in k to permit a reliable fit. The separation of the Dirac crossing is seen in Fig. 2 (i) and Fig.   4 (a) to vanish at charge neutrality, while it increases towards higher doping. This is a clear indication for electron-plasmon excitations [14] . We therefore use the one-particle Green's function calculations describing these excitations in Ref. 28 to convert the separation into an estimate for the effective Coulomb coupling constant α = e 2 /4π 0 v, where v = 10 6 m/s is the bare band velocity, e is the elemental charge, 0 is the vacuum permittivity and is the background screening constant. We obtain α ≈ 0.5 for our graphene/hBN device. In completely unscreened suspended graphene one would find α = 2.2 [5, 26] . The smaller value of α in our sample is expected due to the underlying hBN, however the electron-electron interaction can still be rather substantial as observed in the spectral function of hydrogen intercalated graphene on silicon carbide where α has a similar value as we find here on hBN [14, 28] .
We investigate how the interaction strength in our device affects the doping-dependent shape of the Dirac cone by extracting the Fermi velocity (v F ) and the band velocity below the Dirac crossing. The values of v F for the dopings where we could perform a reliable fit are presented in Fig. 4(b) together with the analytic result for the renormalized Fermi velocity v F /v = 1 − (α/π) (ln α + 5/3) + (α/4) ln (1/ak F ) [26] , where a = 2.46Å is the graphene lattice parameter. The theoretical result is shown via the orange curve for α = 0.5 and exhibits a trend that is consistent with our data. Note that v F would be constant and equal to v as shown by a horizontal dashed line in Fig. 4 (b) in the fully screened limit given by α → 0. This is clearly not the case here where we instead find a sharpening effect of the cone towards charge neutrality, alluding to the situation in suspended graphene [5] . A substantially different behavior is found for the band velocity v * determined over an (E, k)range centered 300 meV below E Dv for all dopings in order to avoid confusing changes of the slope with the bare band dispersion [29] . We find a continuous decrease of v * as the Dirac cone shifts to higher binding energies with increasing n-type doping, as shown in Fig. 4(b) , which is caused by the growing number of electron-hole pair scattering processes towards higher binding energies [4, 11, 18] . Our analysis affirms that the quasiparticle velocity in gated graphene on hBN is significantly doping-dependent due to the Coulomb interaction [4] .
In Fig. 4(c) we examine the doping dependence of Σ at E F determined from the MDC linewidths in Fig. 2(f) . The behavior of Σ is characterized by a suppression around charge neutrality and a near-symmetric increase with both p-and n-type doping, which appears to follow a √ n-dependence with a constant offset of ∼70 meV. From this we can exclude dopingdependent long-range charge impurity scattering, because this leads to a 1/ √ n-dependence of Σ as found in alkali metal doped graphene on hBN [16] . The constant offset and √ ndependence are consistent with short-range electron-defect scattering and electron-phonon interactions [30] , which scale with the radius of the Fermi surface k F ∝ √ n [9] . These scattering processes at E F are ultimately responsible for the reduced mobility of our device.
We have simultaneously measured the transport properties and the doping dependence of the quasiparticle spectral function in graphene on hBN by noninvasively changing the carrier concentration with an electric field, providing access to many-body interactions for a wide range of energies and momenta. Combining the measurement of a global property such as electron mobility with E-, k-and spatially-resolved electronic excitations is a powerful approach that will be transformative for correlating fundamental interactions with different types of electronic behaviors observed in transport studies of quantum materials, including complex properties such as charge ordering and high temperature superconductivity. The intrinsic doping dependence of the spectral function holds the key to fully understanding the physics of these phenomena. Fig. S1 . The sample, consisting of device and wire-bonds, was then given a mild anneal to 150 • C for 3 hours on a hot plate inside a water-and oxygen-free glovebox connected to the ultra-high vacuum (UHV) system.
Following transfer of the sample into the microARPES UHV end-station, we initially focused the beam from the capillary to a spot-size of (1.8 ± 0.3) µm on the sample using the photoemission intensity across a gold contact on the sample. The four-dimensional (E, k, x, y)-dependent photoemission intensity data shown in Fig. 1 and Fig. S2 and at 90 eV for all remaining spectra. All photoemission spectra shown in this work were obtained with a Scienta R4000 hemispherical analyzer with the optimum achieved energyand k-resolution set at 40 meV and 0.01Å −1 , respectively. The measurements were carried out at room temperature.
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SUPPLEMENTARY INFORMATION
Supplementary Note 1: Optical images of sample mount Multiple contacts were wire-bonded to the same electrode for the sake of redundancy. 
Supplementary Note 4: Analysis of quasiparticle spectral function
Here, we describe how the quasiparticle dispersion E(k) = v * (k)k and scattering associated with the imaginary part of the self-energy Σ is analyzed around the Dirac cone.
We approach this analysis by slicing the ARPES spectra into single momentum distribution curves (MDCs) over a binding energy range of 1 eV measured from the Fermi level for each gate voltage. A satisfactory fit to each MDC is obtained using a fitting function composed of two Lorentzian peaks on a linear background -one peak per linear branch. The resulting peak positions for the p-type doped Dirac cones are shown in Fig. 8(a) . An example MDC fit extracted at a binding energy of 0.4 eV is shown in Fig. 8(e) for the ARPES spectrum obtained at a gate voltage of -6.0 V. The average full width at half maximum (∆k FW ) of the peaks at a given binding energy is then converted into a corresponding value for the imaginary part of the self-energy using Σ = v * ∆k FW /2 as discussed in the main paper. Here we plot ∆k FW for the fitted MDCs at all binding energies for all applied gate voltages in Fig. 8(f) . The overall increase of ∆k FW towards higher binding energies is consistent with an increased scattering phase space and the associated decrease of the slope v * , as mentioned in the main paper. 
Supplementary Note 5: Resistance measurements with beam exposure
It was observed that the (R, V g )-curves measured during and after exposure to the synchrotron beam, shown in Fig. 9 , reveal a permanent increase in resistance with an asymmetric profile when compared to the (R, V g )-curve measured prior to exposure to the beam, seen in Fig. 3(b) of the main paper. The intense photon beam may possibly introduce defects in the thin polycrystalline gold contacts as well as induce electron-hole pair excitations in the underlying hBN and SiO 2 that alter their dielectric properties. These complex effects may all affect the measured resistance, which we leave to future studies to resolve. We do not observe any signs in the ARPES spectra that the quality of the electronic states of the graphene deteriorates during gate-dependent measurement, and we also note that the gated measurements were done in arbitrary order, alternating between p-type and n-type doping, yet we obtain the smooth and reasonable trends for the doping seen in Figs 
